Composite T-joints are commonly used in modern composite airframe, pressure vessels and piping structures, mainly to increase the bending strength of the joint and prevents buckling of plates and shells, and in multi-cell thin-walled structures. Here we report a detailed study on the propagation of guided ultrasonic wave modes in a composite T-joint and their interactions with delamination in the co-cured co-bonded flange. A well designed guiding path is employed wherein the waves undergo a two step mode conversion process, one is due to the web and joint filler on the back face of the flange and the other is due to the delamination edges close to underneath the accessible surface of the flange. A 3D Laser Doppler Vibrometer is used to obtain the three components of surface displacements/velocities of the accessible face of the flange of the T-joint. The waves are launched by a piezo ceramic wafer bonded on to the back surface of the flange. What is novel in the proposed method is that the location of any change in material/geometric properties can be traced by computing a frequency domain power flow along a scan line. The scan line can be chosen over a grid either during scan or during post-processing of the scan data off-line. The proposed technique eliminates the necessity of baseline data and disassembly of structure for structural interrogation.
INTRODUCTION
With ever-expanding aviation industry, the day-to-day usage of aircraft is increasing. This necessitates a potential market with aircraft of better structural materials and improvised structural design. In the improvised version of the structural design, the metallic alloy structural components are replaced by composites materials which are having high strength to weight ratio and better structural properties. In addition to structural weight saving it also possess better corrosion and fire resistant properties and provides better flight maneuverability. The assembly of composite structures is not a straight forward task. Like metallic structures it is not easy and feasible to join different composite components using rivet joints or different cross-sectional angle plates. The assembly of complex composite structure dictates the need for efficient joining methods like T-joints and T-stiffeners. The incorporation of co-cured, co-bonded complex composite components in aviation vehicles have resulted in the total reduction of structural components by 40% compared to metallic structure. The use of efficient joining techniques have reduced the usage of mechanical fasteners and drilled holes by 50%. The type of composite T-joint considered in the present work is common to modern composite airframe, pressure vessels and piping structures. The purpose of the T-joint is to prevent skin buckling during wing loading and to increases the bending strength of the joint. T-joint consists of a flange, web, and radius filler. The flange interfaces with the skin, the web provides an interface for attachment to the substructure, and the radius filler provides continuity of load transfer between the web and flange. The T-joint enhances the transfer of flexural, tension, and shear loads to the skin.
Maintenance of aircraft structure accounts for about one-third of aircraft cost. Recent studies by the aircraft industry [1] have demonstrated that Structural Health Monitoring (SHM) systems could result in considerable maintenance cost reduction. As per the survey about 90% of skin inspections are currently carried using visual inspection and remaining 10% using non-destructive inspection techniques like eddy current, dye penetration, radiography, ultrasonic etc [2] . Scanning an entire structural panel using techniques like pulse-echo and pitch-catch methods is time consuming and it has a limitation that the inspection of damages in the hidden parts or sub-surfaces is not straightforward. At least an elaborate through-thickness type Non Destructive Evaluation (NDE) is required. Parts may have to be disassembled and re-assembled for inspection, which can cause significant downtime for aircraft and contributes to a major part of the inspection effort. Increased downtime also accounts for the productivity costs. Disassembly and reassembly of structural components can also initiate damage and stress concentration zones at the structural joints. The damages in the structural plate can be one-sided damage or though-thickness crack, or delamination or fiber breakage (last two for composite specimen). These damages may or may not be accessible on a suitable surface for inspection with NDE equipment. These damages should be detected and localized at an early stage of development in order to prevent catastrophic failure of the structure. Identification of these damages at the incipient stage helps in replacement/maintenance of smaller component parts compared to replacement/maintenance of the structural component as a whole in the later stage. This prevents the propagation of the damage to nearby structural components and helps to increase the useful life of adjacent structural components. Therefore, rapid inspection, cost effective techniques and integrated SHM systems are needed with efficient use of accurate modeling and design of various parameters to overcome the shortcomings of the current inspection paradigm.
For diagnostics of damage one may use either vibration based methods or wave propagation methods. The sensitivity of vibration/modal analysis-based methods to detect small damage severities is comparatively less when compared to wave propagation based methods. The wave propagation method has been demonstrated to be effective in detecting small cracks, fatigue damage, corrosion in metallic structures and small size of debonding, delamination and matrix cracking in composites. Due to the presence of damage, there will be scattering and mode conversion of ultrasonic Lamb waves. These types of waves are elastic waves which can travel relatively long distances and through the entire thickness of the material with little amplitude loss and carry defect related features is considered for damage detection in the present method. One of the advantages of Lamb waves is that a relatively large structure can be investigated using a small number of transducers integrated to the structure as posed to physical scanning. Details of the methods to launch Lamb waves and type of wave modes in plate can be found in standard text [3] . Wave propagation in inhomogeneous and anisotropic media and application of wave based finite element method for efficient damage detection for structural health monitoring can be found in standard text [4] . The book also addresses new methods for the solution of wavenumbers for propagation in composites and inhomogeneous waveguides and the use of the spectral element for active vibration control. Diagnosis of damage characteristics based on measure of scattered energy using spectral power flow has been studied earlier by the author [5] . In that study, the frequency domain properties of the spectral power was shown to be quite informative. Effect of wave scattering due to delamination and strip inclusion on the frequency domain spectral power was discussed in that study. Mechanistic treatment of how the Lamb wave modes interact with delaminations and cracks in composite beams has been given in ref. [6] . At minute interfaces between heterogeneous stiffness and mass systems, considerable change in the near field effects may occur due to scattering of waves. One crucial outcome of such phenomena is the dynamic stress intensity at the delaminations tips. This may enhance the formation of delamination in the locations of severe stress discontinuities. This issue has been addressed by authors in ref. [7] . A spectral finite element model for analysis of axial-flexure-shear coupled wave propagation in laminated composite beams has been discussed in ref. [8] . A method of solving wavenumber using Polynomial Eigenvalue Problem (PEP) has been demonstrated in ref. [9] .
The capabilities of small, inexpensive, non-obtrusive devices like embedded Piezoelectric Wafer Active Sensors (PWAS) to perform in-situ non-destructive evaluation using Lamb waves were initially demonstrated by Giurgiutiu [10] . There is a significant advantage of a sensor-actuator network which physically occupies less area on a structure but still monitors large area of the structure. Identification, parameterization and localization of various different damages using various sensor-actuator networks have been discussed in refs. [11] [12] [13] [14] [15] [16] [17] [18] [19] . Review of currently used NDT/NDE inspection methods and examples showing the detection of internal damage in multi-layered composite structures using Lamb wave technique can be found in [20] and references within. Application of Lamb wave techniques for detecting delamination, transverse ply cracks and through thickness holes in a quasi-isotropic graphite epoxy test specimen using piezo sensoractuator network has been reported by Kesseler et al. [21] . In this paper the authors have also focused on the optimal sensor-actuator configurations for illuminating the position of the damage.
For monitoring of very large structural component a significant number of actuator/sensor transducers are required. Irrespective of the price of the transducer that is used it is unrealistic to have a structure bonded with thousands of transducers. By using non-contact instruments for measuring the structural response the issues regarding liquid couplant, dry couplant, and sensitivity variation due to impedance mismatch between the couplant and the structure can be avoided. Among various different laser-based techniques for vibration measurement, such as holography, speckle pattern interferometry (ESPI), shearography, and laser Doppler vibrometery, the last one is the most widely investigated and used techniques at present. This is mainly because of its applicability in a wide range of testing situations with a long stand-off distance. Some of the early studies can be found in [22] and references therein. Application of 3-Dimensional LDV based measurements for quantitative NDE and SHM is an emerging area of research. By combining appropriate mathematical model with experimental data from LDV it is possible to locate and possibly quantify micro to millimeter scale defects. One common approach of collecting LDV data is to excite a simple fixed point using a conventional wired transducer and scan guided wave responses using a laser vibrometer. Sohn et al. [23] has used a completely non-contact system to excite and measure elastic waves in flat plate composite test specimen. In that study the author introduces the concept of standing wave filter and a Laplacian image filter to illuminate the zone of the damage with respect to its background wave field visualization. Detection of damages using LDV in various structures like plate specimen, composite structures by analyzing the change in signal pattern and various signal processing techniques has been discussed in ref. [24] [25] [26] [27] [28] [29] and several other authors over last two decades. In the present paper the authors focus on computation of wavenumber for a third order plate theory using PEP and also focused on a method to diagnosis the structure without using baseline data.
MATHEMATICAL FORMULATION
In order to construct a theoretical framework to analyze the wave energy modes due to damage, we consider the combined effect of in-plane, out of plane and mode conversion. Understanding of Lamb wave mode conversion due to damage and interaction among these modes before and after scattering due to damage are not well reported in published literature. Investigation of the properties of the components of kinetic energy, strain energy and power flow for healthy and damaged condition is expected to provide new information which can further lead to new methodology of scanning and detection of damage by such scanning method and associated computations. Assuming a cubical displacement field 
Following the conventional notation [31] , constitutive model for orthotropic laminated composite plate can be expressed as 
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EXPERIMENTAL SETUP AND PROCEDURE
The dimensions of flange and web of the T-joint test specimen are 260 mm x 125 mm x 2 mm and 260 mm x 75 mm x 2 mm, respectively. The test specimen was excited using a Lead-Zirconate-Titanate (PZT) wafer active patch which was bonded on to the back face of the accessible flange (see figure 2(b) ). Piezo actuator is bonded to the plate sample using a removable polymer bonding, so that they are firmly attached during experiments, but could be removed afterwards to recover them. The dimensions of PZT wafer patch are 15 mm diameter and 2 mm thickness. Other forms and size of transducer patches can be used with information regarding their mechanisms of generating specific modes of Lamb waves. Actuation was carried out using a PXI control card. A Labview-Matlab interface code was created for this purpose, which launches a programmed waveform (e.g., a tone-burst signal with known frequency content and amplitude). Signal acquisition was performed using a Polytec PSV-400-M 3D Laser Doppler Vibrometer. Experimental setup for scanning T-joint test specimen using 3D LDV is shown in figure 2(a) . To remove the unnecessary noises in the signal, a band-pass filter was used. Actuation using piezo actuator and sensing using LDV is synchronized by using a trigger setup. Due to good dispersion characteristics and structural flaw sensitivity, five cycle windowed sine-burst signal is used for damage detection. A Hanning time window is used for this which concentrates maximum amount of energy at the desired driving frequency.
By using non-contact laser vibrometery it is possible to have seamless number of scanning points. The grid size for scanning is controlled using the LDV software. The plate structure is preliminarily scanned using a coarse mesh to obtain the suspected region of damage. Near the suspected region of damage, scanning with a fine mesh is done. The grid spacing should be at least one-tenth of wavelength (λ). λ is computed based on the frequency of excitation and corresponding group velocity of Lamb wave. The results obtained using LDV are much more accurate in a sense that complicated calculation using analytical model for bonded PZT wafer as sensors and associated calibration can be avoided. Velocity/displacement components in X, Y, and Z direction are obtained from 3D LDV. The Z component gives the out-of-plane component while the X and Y component gives the in-plane components. The raw measurements from the three scanning heads are combined with the beam angle in the data processing computer in order to resolve the velocity data onto an orthogonal (X, Y, Z) 3D coordinate system. The Cartesian coordinate system with respect to LDV laser heads for the T-joint test specimen is shown in figure 3 .
Test Settings
Excitation 
RESULTS AND DISCUSSIONS
The Power flow is defined as the product of force vector and complex conjugate of velocity vector at a material point (see ref [5] ). , n w is the frequency at the n th sampling point. In the current experiment a scan line over a healthy zone has been defined as shown in figure 4 . The velocity components obtained from non-contact 3D LDV is post-processed to obtain the power flow along the scan line (see figure 5 ). In this analysis the effect of S0 mode, A0 mode and mode conversion has been taken into account. The location of any change in material/geometric properties can be traced by computing power flow along the scan line. It can be seen from the figure that power flow along the scan line is invariant. The abnormal variation in the graph is due to the low Signal to Noise Ratio (SNR). The power flow along the scan line is approximately zero along the healthy scan line. The proposed technique eliminates the necessity of baseline signal for damage identification and localization. 
CONCLUSION
A mathematical model for axial-flexure-shear coupled wave propagation in a laminated composite plate using 3 rd order plate theory with arbitrary ply-stacking sequence has been developed in the present paper and it has been further employed to develop an LDV based quantitative technique. In this analysis the effect of S0 mode, A0 mode and mode conversion has been taken into account. The location of any change in material/geometric properties can be traced by computing power flow along the scan line. The proposed technique eliminates the necessity of baseline signal for damage identification and localization. This method of damage interrogation can be further extended to curved structures, complex geometry structures. Important observations which are brought out by authors in this paper will open up future potentials toward the application of non-contact laser vibrometery for guided wave based structural health monitoring. This approach is well amenable within the anticipated framework of Integrated Vehicle Health Monitoring (IVHM).
